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Sorghum can be an alternative to corn for industrial uses, especially in drought prone areas
of the world. Sorghum cultivars with high potential of grain and starch yields are needed to
continuously meet the industrial demands. We have studied the genetics of grain yield and
starch content of sorghum to decide the breeding procedure to develop suitable cultivars for
starch industry. The genetic material from 8 × 8 diallel (28 F1 and 8 parents) was grown in a
randomized complete block design, with three replications at Directorate of Sorghum Re-
search, Hyderabad, India. Observations were recorded on seven agro-morphological and two
grain quality traits including grain yield and starch content. Correlation studies revealed that
the grain hardness was negatively correlated to starch and positively correlated to grain yield,
panicle weight and days to flowering. Variance due to specific combining ability effects was
greater in magnitude for both starch content and grain yield. Bi-parental crossing in F2 will
help in getting pure lines with high starch content and high grain yield. The parents chosen for
breeding program need to be good combiners for starch and grain yields to obtain superior hy-
brid. One MS line, 422B was a good combiner for grain yield, high starch content and 100
grain weight, and had good per se performance.
Keywords: correlations, general combining ability effects, specific combining ability ef-
fects, Sorghum bicolor
Introduction
Sorghum is one of the world’s most important nutritious coarse cereal crops and now gain-
ing importance as an industrial crop. World over sorghum is used for human consumption,
animal feed, starch, and in alcohol industry. Starch is the main source of energy in all the
staple foods and feeds in the world. It is also becoming an important industrial raw mate-
rial. Approximately, 60 million tonnes of starch are extracted annually worldwide from
various crops, of which approximately 60% is used in foods and 40% in pharmaceuticals
and non-food applications (Burrell 2003). Maize starch is the most popular starch with in-
dustries as there is an assured supply from the USA.
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Maize and sorghum fall under broad category of coarse cereals grown in similar agro-
climate regions of production competing with each other in production areas in India and
South East Asia. The trend of genetic gain (high productivity and production) seems un-
able to meet the fast growing demand of maize in India (Singh et al. 2012). Comparative
price trends of rainy season sorghum and maize over years indicate that sorghum has a
price advantage over maize from 7–37%, therefore it could partly replace/complement
maize in its industrial uses as an economically cheaper alternative (Dayakar et al. 2003).
While the growth in maize production is 10–12% (according to USDA), the growth in
starch industry is 15% (put together with beverages), indicating anticipated shortages in
the domestic maize supply, which may be replaced by sorghum which is a close alterna-
tive raw material with price and other advantages such as assured supply. Though cur-
rently 2.50 million tonnes of sorghum is estimated to be the demand for sorghum grain to
be used in starch industry (starch/ potable alcohol); it is estimated that it will be quadru-
pled by 2050 AD (Tonapi et al. 2011). These days in general, the availability of corn to the
starch industry is decreasing gradually because of its increased demand in industries in-
volved in the production of breakfast cereals, snacks, etc.
Sorghum with its rich starch content (approximately 70%) and potential for industrial
applications (Zhan et al. 2003a) can be exploited for starch production. Maize starch is ex-
tensively studied (Li et al. 2013); however there are very few reports on sorghum starches.
Sorghum starch is technically equivalent to corn starch in its functionality (Freeman and
Watson 1971). Sorghum starch plays important role in food products and ethanol fermen-
tation (Park et al. 2006). Starch content has been positively correlated to ethanol yields in
sorghum (Zhan et al. 2003b). Sorghum has polyphenols which influence starch colour and
properties (Beta and Corke 2001). Pedersen et al. (2007) found that the mean gelati-
nization onset, peak and end temperatures were significantly lower for wild types than
those of the waxy sorghum genotypes. Significant genetic variation was observed within
genotypic classes, suggesting influence of additional modifying genes in affecting sor-
ghum starch structure.
Industries prefer low cost raw material. For sorghum to be competitive with other
crops, productivity and starch content need to be increased in the cultivars to reduce the
cost of production of the industrial products. Globally, there is a requirement of sorghum
hybrids with high potential for both grain and starch yields. Farmers will benefit with pre-
mium price for such end-product specific hybrids, and industry by providing superior
quality low cost raw material. Hence there is a need to develop high starch content and
high grain yield cultivars to make them useful in starch and ethanol industries. Knowledge
of the nature of gene action allows breeders for optimizing their breeding program. Under-
standing of the relationship of starch with important agronomic genetic traits can facilitate
development of genotypes with high starch content and grain yield. Hence our objective
was to understand the genetics of high starch content and its relationship with other
agro-morphological traits in sorghum.
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Materials and Methods
The experimental material comprised of eight non-restorer B lines (female parents of hy-
brids): 27B, 296B, 111B, 422B, 463B, 356B, 304B and 332B. 27B is a female parent of a
commercial hybrid CSH 16; 296B is a female parent for 5 commercial hybrids; 463B is a
female parent of a superior hybrid SPH 1148; and 111B, 422B, 356B, 304B, and 332B are
female parents of newly developed hybrids.
The eight B lines were crossed among themselves in a half diallel fashion and 28 F1
seed were developed. The genetic material from 8 × 8 diallel (28 F1 and 8 parents) was
grown in a randomized complete block design, with three replications during rainy sea-
sons of 2008 (precipitation during crop season: 887 mm), 2009 (460 mm), and 2010 (903
mm) at Hyderabad (17° 27’ N latitude and 78° 28’ E longitude with an altitude of 524.6
metres above the sea level), India. Each entry was planted in a single row of 4 m length
with 0.6 m spacing between the rows and 15 cm between plant to plant. Recommended ag-
ronomic practices were followed throughout the crop season. Atrazine (1.0 kg/ha of active
ingredient) was applied immediately after sowing. A basal fertilizer dose of 42 kg/ha N,
42 kg/ha P2O5 was applied just before sowing, in the second week of June 2008, 2009 and
2010, and a top dressing of 46 kg/ha N was applied one month after germination (floral
initiation stage) in the third week of July. Data was recorded on the seven agro-morpho-
logical and two grain quality traits. The details are given below.
Agro-morphological traits
Morphological characters such as days to 50 percent flowering, plant height, panicle
length, panicle width, panicle weight, grain weight, 100-grain weight were recorded and
starch content was analyzed. Observations were recorded on five randomly labeled com-
petitive plants in each replication. Treatment means were calculated from the data col-
lected on these plants.
Grain quality traits
Two grain quality traits, grain hardness and starch content were assessed in each entry.
Grain hardness (sec): The grain hardness was assessed according to the method fol-
lowed by Pomeranz et al. (1985).
Starch content (%): Starch content was estimated by Southgate (1976). Defatted grain
meal (flour) (75 mg) was taken for the estimation of starch and it was gelatinized for 90
minutes at 19 lb pressure and hydrolyzed enzymatically with 25 mg of amyloglucosidase
enzyme (Sigma) comprising of 5.75 units and 2M sodium acetate buffer. The hydrolyzed
sugars were estimated by phenol-sulphuric acid method after diluting the extract (Dubois
et al. 1956) and the absorbance was read at 490 nm in a UV-Spectrophotometer
(Schimadzu, Japan). Percent starch was calculated using 0.9 as conversion factor for sug-
ars and the required dilution factors were used.
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Statistical analysis
Simple linear correlations were computed with Statistix version 8.1 (Analytical Software,
Tallahassee, FL, USA). Combining ability analysis was carried out according to Method
II, Model I (Griffing 1956). Pooled estimates of general combining ability (gca) and spe-
cific combining ability (sca) variances were made (Singh 1973) using Windostat version
7.5 (Indostat Services, Hyderabad, India).
Results
The starch content in B lines varied from 61 to 67% and B lines 27B, 422B and 356B re-
corded highest starch content (66 to 67%) (Table 1). Grain yield ranged from 26 to 46
g/plant and highest grain yields were recorded by B lines 332B and 422B. The flowering
ranged from 69 to 76 days; plant height from 110 to 212 cm, panicle length from 19 to
29 cm; panicle width from 3.5 to 4.5 cm; panicle weight from 41 to 61 g/plant; 100 grain
weight from 1.6 to 2.9 g and grain hardness varied from 17 to 42 seconds. The correlation
studies showed strong significant negative correlation between starch content and grain
hardness (Table 2). Also, significant negative correlations were found between starch and
plant height, and days to flower. However starch was not correlated to grain yield and
grain yielding attributes.
The mean squares due to genotypes (F1 and parents) were significantly different for all
the traits studied. Components of genetic variance for all parents were highly significant
for all the traits except panicle weight (Table S1*). Highly significant differences for par-
ents vs. crosses and among the crosses (F1) were also observed for all the traits. Environ-
ment effects were highly significant for all the traits (Table S1). General combining ability
effects (gca) and specific combining ability effects (sca) for all the traits were highly sig-
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Table 1. Means for starch content and various agronomic traits in sorghum male sterile (B) lines
Geno- Days to Plant Panicle Panicle Panicle Grain 100-grain Grain Starch
types flowering height, length, width, weight, yield, weight, hardness, content,
cm cm cm g g/plant g seconds %
27B 71 154 29 4.1 43 26 2.3 22 67
111B 69 152 25 4.3 46 32 2.5 31 61
422B 70 146 25 3.9 55 38 2.5 22 66.1
463B 70 110 19 4 47 31 1.6 29 64.6
356B 76 212 24 3.6 41 30 2.9 21 66.7
304B 73 140 22 3.9 44 30 2.5 34 64
332B 76 155 22 4.5 61 46 2.1 42 63.1
296B 73 134 21 3.5 50 33 1.8 17 65.3
LSD 2.76 27.81 4.11 0.55 20.31 16.26 0.35 9.51 2.38
(P = 0.05)
* Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
nificant including starch content and grain yield. The mean sum of squares due to geno-
type × environment and hybrids × environment were highly significant for the traits grain
yield, 100-grain weight, grain hardness and starch content. So we partitioned the mean
sums of squares into gca × Environment (E) interaction and sca × Environment (E) inter-
action (Table S1). In this study, gca × E and sca × E were highly significant for grain
weight, 100-grain weight, grain hardness and starch content. MS lines 27B, 422B, and
356B showed significant gca effects for starch content (Fig. S1). Similarly, significant
positive gca effects were obtained for 422B, and 332B for grain yield; and 463B, 304B,
and 332B for grain hardness. Though 422 B, 27B, and 356B had significant positive gca
effects for starch content, 422B had positive gca effects for grain yield; 27B and 356B had
negative gca effects for grain yield and were not desirable lines. However, in comparison
to the other two lines, 422B had high starch and grain yields.
Discussion
B lines showed large variability for all the traits studied. The analysis of variance also
showed that the treatments are significantly different for the traits. Though Buffo et al.
(1998) reported that starch was not correlated to grain hardness in sorghum; similar to our
results, Pedersen and Kofoid (2004) found that starch was negatively correlated to kernel
hardness in sorghum. Similarly, the grain hardness was negatively correlated with the
starch in barley (Henry and Cowe 1990), and in wheat (Salmanowicz et al. 2012). Buffo
et al. (1998) further reported that they obtained contradictory results as against those of
Subramanian and Jambunathan (1981) and most likely, this was due to genetic differences
in tested sorghum samples. It is usual expectation that the hardest endosperm contains
highest protein (and hence the lowest starch) content; since grain hardness in cereals is
positively correlated to protein content (Groos et al. 2004).
The parents, hybrids and parent vs. hybrids contribute differently for combining abil-
ity. There were differences in performance of genotypes as parents in hybrid combinations
as the gca effects were significant for all the traits. The genetic analysis for a partial diallel
revealed the presence of additive and non-additive effects of the genes in the inheritance
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Table 2. Simple correlations between starch and other agronomic traits
Days to Plant Panicle Panicle Panicle Grain 100-grain Grain
flowering height length width weight yield weight hardness
Plant height 0.19***
Panicle length –0.21 0.0037
Panicle width –0.04 0.19*** 0.26***
Panicle weight 0.1117* 0.18*** 0.38*** 0.54***
Grain weight 0.122* 0.12 0.35*** 0.45*** 0.93***
100-grain weight 0.09 0.41*** 0.26*** 0.23*** 0.46*** 0.45***
Grain hardness 0.36*** 0.05 –0.11 0.09 0.34*** 0.38*** 0.06
Starch –0.13* –0.13* 0.04 –0.0476 –0.1004 –0.0964 –0.0305 –0.15***
*** Significant at P = 0.001; * Significant at P = 0.05
of starch and all the traits studied. The starch content in ‘maize’ is governed by both addi-
tive and non-additive gene actions (Joshi et al. 1998; Dadheech and Joshi 2007a). The ra-
tio of gca variance to sca variance varied from 0.72 to 1.02 for traits days to flower, plant
height, panicle length, 100-grain weight and grain hardness and the comparison of addi-
tive variance and dominance variance (Table 3) indicated that these traits are predomi-
nantly governed by additive gene action as reported for grain hardness (Ibrahim et al.
1985; Aruna and Audilakshmi 2004). Therefore, breeding procedure such as simple recur-
rent selection or back crossing can increase frequency of desirable genes. However, for
the traits panicle width, panicle weight, grain yield, and starch content, dominance vari-
ance was higher than additive variance, indicating that the non-additive (dominance and
epistatis) gene effects were more important for the traits. Zdunic et al. (2008) reported
dominance and epistatis interaction to be important for starch and grain yields in maize.
Hybrid breeding will be useful, as in hybrids, heterozygous condition is fixed. Bi-parental
crossing in F2 and further advancing of lines will help in developing pure lines with high
starch content and high grain yield.
Physicochemical and functional properties of sorghum cultivar starches were influ-
enced by the genotype and the environment (Boudries et al. 2009); and starch content in
maize was influenced by genotype × environment interaction (Dadheech and Joshi
2007b). Similar results were obtained for grain weight, 100-grain weight, grain hardness
and starch content indicating that the choice of parents for breeding should be based on
combiners and F1 combinations which show least interaction with environments. MS lines
27B, 422B and 356B were good general combiners for starch content (Fig. S1). Similarly,
422B and 332B for grain yield; and 463B, 304B, 332B for grain hardness were good gen-
eral combiners.
In conclusion, same breeding procedures are to be followed to incorporate both high
starch content and high grain yield genes, as the genetics for grain yield and starch content
is predominantly governed by non-additive gene action. The lines which were good
combiners for starch content and grain yield, also showed good per se performance for the
traits, especially B line, 422B. To obtain superior hybrids for high starch and grain yield
traits, choosing the parents should be such that, either one parent should be good combiner
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Table 3. Estimates of genetic components of variation for various traits in sorghum
Days to Plant Panicle Panicle Panicle Grain 100-grain Grain Starch
flowering height length width weight yield weight hardness content
Additive 3.36 503.9 7.74 5.58 29 29 8 42 0.4
variance
Dominance 2.25 246.9 5.20 24.99 329 162 6 19 2
variance
h2 Ns 0.4 0.6 0.4 0.1 0.1 0.1 0.4 0.3 0.0
gca/sca 0.75 1.02 0.74 0.11 0.04 0.09 0.72 1.09 0.09
ratio
h2 Ns = narrow sense heritability
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for both the traits, or one parent to is be a good combiner for starch and the second a good
combiner for grain yield.
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